Abstract. Oridonin, an active component isolated from Rabdosia rubescens, has been reported to exhibit antitumor effects. In the present study, we evaluated the antitumor activity and the mechanisms of action of oridonin in pancreatic cancer. Oridonin treatment significantly induced apoptotic cell death in SW1990 pancreatic cancer cells in a dose-dependent manner. Additionally, cell apoptosis was markedly inhibited by PFT α (pifithrin α), a p53-specific inhibitor, which was applied to evaluate the function of p53, showing that p53 was responsible for the cytotoxity of oridonin. Moreover, oridonin increased the expression of p-p53 with a concomitant increase in p21 in the SW1990 cells. Following treatment with mitogen-activated protein kinase (MAPK) inhibitors, PD98059 (ERK inhibitor), SP600125 (JNK inhibitor) and SB203580 (p38 inhibitor), the cytotoxity of oridonin was not influenced by JNK (SP600125) and ERK (PD98059), but these effects were opposite to the cytotoxity of oridonin observed with SP203580 treatment. These findings confirmed that orodonin-induced apoptosis was p38-dependent, but JNK-and ERK-independent. Furthermore, the activation of the p38 kinase promoted the activation of p53 and its downstream target p21, and further caused caspase-9 and -3 activation, as demonstrated by evidence showing that the p38 inhibitor SB203580 not only blocked the phosphorylation of p38 but also reduced the activation of p53, p21 and caspase-9 and -3. Collectively, these results suggest that p53-dependent and caspase-dependent induction of p38 MAPK directly participates in apoptosis induced by oridonin.
Introduction
Pancreatic cancer is the fourth most common cause of cancerrelated mortality in the western world, with an estimated 35,000 deaths in 2009 in the United States (1) . Less than 20% of pancreatic cancer patients are diagnosed with resectable and potentially curable disease, whereas most patients have advanced disease at the time of diagnosis and hence a dismal prognosis (2) . This poor prognosis has been related to the difficulty of detection at the early stages of development, resulting in advanced disease at the time of presentation of first symptoms. With regard to patients with pancreatic cancer, for all stages, the 1-year survival rate is 23% and the 5-year overall survival rate from diagnosis is 4%. Median survival for patients with locally advanced disease is 9-12 months, and for patients with metastatic disease, the median survival is 3-6 months. The 5-year survival after curative resection is only 15-25% (3) . In recent years, few agents have demonstrated significant benefit for patients with metastatic disease. Thus, effective new cytotoxic chemotherapy is needed for these diseases.
Oridonin, an ent-kaurane diterpenoid isolated from Rabdosia rubescens, is an important traditional Chinese herbal remedy, which has multiple biological activities, such as anti-inflammatory, antibacterial and antitumor effects (4) . Existing research has confirmed that oridonin confers an inhibitive effect on the development of various types of cancers, and is a potential, effective, low-toxic antitumor medicine (5) (6) (7) (8) (9) (10) (11) (12) (13) . However, mechanisms underlying the antitumor activity of oridonin and whether or not oridonin has anti-pancreatic cancer activity remain largely unknown.
In the present study, we investigated the involvement of MAPK signaling pathways in the anticancer effects of oridonin in pancreatic cancer cells, and we demonstrated that the MAPK pathway participated in oridonin-induced pancreatic cancer cell apoptosis. Importantly, a p38 inhibitor but neither an ERK inhibitor nor a JNK inhibitor, blocked the phosphorylation of p38 and also reduced the activation of p53, p21 and caspase-9 and -3. Taken together, the p38-MAPK pathway is required in oridonin-induced pancreatic cancer cell apoptosis, and which is dependent on its downstream target p53 and caspase activation. Cell culture. The SW1990 pancreatic cancer cell line was obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA). The human normal pancreas cell line HPDE6c7 was obtained from Guangzhou Jennio Biotech Co., Ltd. (Guangzhou, China). The cells were cultured in RPMI-1640 supplemented with 10% FBS, 100 U/ml penicillin, and 100 µg/ml streptomycin. Cells were maintained at 37˚C in a humidified atmosphere of 5% CO 2 . The medium was changed every second to third day, and cells were subcultured when confluency reached 70-80% by 0.25% trypsin at 37˚C.
Oridonin induces apoptosis in SW1990 pancreatic cancer cells via p53-and caspase-dependent induction of p38 MAPK
Cytotoxicity assay. The cytotoxic effect of oridonin on SW1990 and HPDE6c7 cells was determined using the CCK-8. Briefly, the logarithmic phase cells were plated in 96-well culture plates (5x10 3 cells per well). After 24 h of incubation, the cells were treated with vehicle alone (0.1% DMSO) and various concentrations (10, 20, 40 , 80, 160 µM) of oridonin, followed by a 48-h cell culture. In addition, in experiments to determine the effects of MAPK inhibitors (PD98059, SP600125 and SB203580) and the p53 inhibitor (PFT α) on cell cytotoxicity, cells were pretreated with the inhibitors for 1 h at the given concentrations and then incubated with the specified concentration of oridonin for 48 h. Each group had 6 wells, and CCK-8 (100 µl) was added to each well 1 h before the end of incubation. The absorbance at 450 nm was read using Bio-Tek, ELX800. Experiments were repeated three times. The cytotoxic effect was expressed as a relative percentage of cell death calculated as follows: Cell death (%) = 1 -(dosing absorbance -blank absorbance)/(control absorbance -blank absorbance) x100.
Observation of apoptotic cell morphology. Apoptotic morphology was monitored in DAPI-and Hoechst 33258-stained cells. Cells (4x10 5 ) were grown for 48 h on coverslips on a 6-well plate in the presence or absence of 40 µM oridonin. After 48 h of incubation, the coverslips were carefully washed with PBS, fixed with 4% paraformaldehyde at room temperature for 30 min and respectively incubated with 10 µg/ml DAPI and 10 µg/ml Hoechst 33258 at room temperature for 30 min. Thereafter, cells were again washed and resuspended in PBS for morphological observation under a fluorescence microscope (Nikon, Japan).
Flow cytometric analysis of cell cycle distribution and apoptosis. Analysis of cell cycle distribution was measured by staining DNA with PI according to the manufacturer's protocol. SW1990 cells were seeded into 6-well plates at a density of ~5x10 5 cells per well, cultured overnight, and then treated with various concentrations of oridonin (20, 40, 80 µM) . Control cells were treated with 0.1% DMSO only. Cells were incubated for 48 h. Both detached and adherent cells were collected and centrifuged at 1000 x g for 5 min at 4˚C. Pellets were rinsed with ice-cold phosphate-buffered saline (PBS) and fixed with 70% ethanol for 24 h at 4˚C. Cells were then stained with staining buffer (PBS containing 50 µg/ml of PI, 10 µg/ml RNase A, 0.1% sodium citrate and 0.1% Triton X-100) for at least 15 min at 37˚C in the dark. Samples were analyzed by a flow cytometer (BD Bioscience).
Apoptosis in SW1990 cells was evaluated using Annexin V-FITC Apoptosis Detection Kit I, which was performed according to the manufacturer's protocol. The SW1990 cells were cultured as above, then treated with various concentrations of oridonin (20, 40 , 80 µM). Control cells were treated with 0.1% DMSO only. Cells were collected after a 48-h incubation, washed with PBS, resuspended in binding buffer, and incubated with FITC and PI staining solution following the manufacturer's instructions. Samples of 10,000 stained cells were analyzed by flow cytometry (BD Bioscience).
Western blot analysis. SW1990 cells were treated with the desired concentration of oridonin in the absence or presence of inhibitors for 48 h. Both adherent and floating cells were collected, and then western blot analysis was performed. The cells were washed with ice-cold PBS, and lysed on ice for 40 min in a solution containing 50 mM Tris, 1% Triton X-100, 0.1% SDS, 150 mM NaCl, 2 mM Na 3 VO 4 , 2 mM EGTA, 12 mM β-glycerolphosphate, 10 mM NaF, 16 µg/ml benzamidine hydrochloride, 10 µg/ml phenanthroline, 10 µg/ml aprotinin, 10 µg/ml leupeptin, 10 µg/ml pepstatin, and 1 mM phenylmethylsulfonyl fluoride, and then lysed at 4˚C for 60 min. The cell lysate was centrifuged at 14,000 x g for 15 min, and the supernatant fraction was collected for western blotting. Protein content in the supernatant fraction was determined by bicinchoninic acid (BCA) assay kit (Sigma) according to the manufacturer's instructions. The protein lysates (20 µg/lane) were separated by electrophoresis on 12% SDS polyacrylamide gel and then transferred to a nitrocellulose membrane. After blocking for 1 h in 10% nonfat dry milk in Tris-buffered saline, the membrane was incubated with the desired primary antibody for 1 h. The membrane was then treated with the appropriate peroxidase-conjugated secondary antibody, and the immunoreactive proteins were detected using an enhanced chemiluminescence kit (NEN Life Science Products, Boston, MA, USA) according to the manufacturer's instructions. Each membrane was stripped and reprobed with antibodies against actin to correct for differences in protein loading. Quantitative data were expressed as mean ± SD of the relative levels of the objective protein and control β-actin of each group of cells from three independent experiments.
Semi-quantitative RT-PCR assay. SW1990 cells were treated with the desired concentration of oridonin in the absence or presence of inhibitors for 48 h, and both adherent and floating cells were collected. Subsequently, total cellular RNAs were isolated from the cells using TRIzol reagent. Table I . Five microliters of the product were added to the 1% agarose gel electrophoresis and images of the results were captured.
Statistical analysis.
All results were confirmed in at least three separate experiments. Statistical analysis was performed using SPSS 17.0. Significant differences were determined by ANOVA, followed by the Student's t-test for statistical analysis. The data were expressed as mean ± SD. A P-value <0.05 was considered to indicate a statistically significant difference.
Results

Cytotoxic effects of oridonin on SW1990 and HPDE6c7 cells.
To detect the cytotoxic effects of oridonin on SW1990 and HPDE6c7 cells, the cells were cultured with 10, 20, 40, 80 and 160 µM oridonin for 48 h. The results showed that oridonin induced SW1990 cell death in a dose-dependent manner; the effects at concentrations of 20-80 µM oridonin were apparent. In addition, oridonin only exhibited a low cytotoxic effect on the human normal pancreas cell line HPDE6c7 at below a concentration of 80 µM oridonin (Fig. 1) .
Oridonin induces apoptotic cell death in SW1990 cells. To determine whether cell death induced by oridonin in SW1990 cells was caused by apoptosis, SW1990 cells were treated with 40 µM oridonin for 48 h, and the morphological changes were examined with DAPI and Hoechst 33258 staining. As shown in Fig. 2 , the nuclei of cells were round and homogeneously stained in the control group; however, following treatment with 40 µM oridonin, the cells displayed marked blebbing of the nuclei and apoptotic bodies.
To further determine the features of SW1990 cell death, flow cytometric analysis was performed using Annexin V-FITC/ PI-stained SW1990 cells. In the control group, the apoptotic cell ratio was ~8.5±0.7%. In the presence of oridonin at 20, 40 and 80 µM, the numbers of apoptotic cells increased to 31.2±2.2, 41.4±2.9 and 50.5±3.4% at 48 h, respectively. There were significant differences in the apoptotic ratio of cells between the oridonin-treated groups and the control group (P<0.05) (Fig. 3) . These results demonstrated that oridonin treatment induced apoptosis in a dose-dependent manner; one of the causes of SW1990 cell death induced by oridonin was apoptosis.
To further confirm the finding that oridonin induced SW1990 apoptotic cell death, the DNA contents of SW1990 pancreatic cancer cells treated with 0, 20, 40 and 80 µM oridonin for 48 h were analyzed using a flow cytometer. As shown in Fig. 4 , oridonin increased the ratio of cells in the G0/G1 phase and decreased those in the S and G2/M phase in a dose-dependent manner, and thus caused a significant inhibition of cell cycle progression in SW1990 cells. There were significant differences in the ratio of cells in the G0/ G1 phase and S plus the G2/M phases between the oridonintreated groups and the control group (P<0.05). These results suggested that oridonin treatment caused SW1990 cell death by inducing apoptosis associated with cell cycle arrest.
p53 and its downstream protein p21 are involved in oridonininduced SW1990 cell apoptosis. The tumor-suppressor gene product p53 has been reported to mediate apoptosis in many experimental systems and is capable of transcriptionally activating p21, which is responsible for its tumor suppressive function (14) . In the present study, the p53-specific inhibitor PFT α was applied to evaluate the function of p53 in oridonin-induced SW1990 cell apoptosis. After incubation of SW1990 cells with 40 µM oridonin for 48 h, 15 µM PFT α significantly reduced apoptosis from 50.5 to 9.8% (Fig. 5A) . To further confirm this result, western blot analysis was carried out to determine the p53 and phospho-p53 expression. After treatment of SW1990 cells with various concentrations of oridonin (0, 20, 40, 80 µM) for 48 h, the expression of p53 did not change (data not shown), while the level of phosphop53 was markedly increased with increasing concentrations of oridonin. Moreover, we further analyzed the expression of p21, a downstream protein of p53, using western blotting as above. Unexpectedly, expression of p21 was also dramatically increased in a dose-dependent manner. These findings revealed that p53 and its downstream protein p21 participated in the oridonin-induced apoptosis (Fig. 5B) .
Effects of inhibitors of ERK, p38, and JNK on oridonintreated SW1990 cells.
To determine whether the MAPK family was involved in the oridonin-induced SW1990 pancreatic cancer cell apoptosis, 10 µM ERK inhibitor PD98059, 10 µM p38-MAPK inhibitor SB203580, and 10 µM JNK inhibitor SP600125 were administered. SW1990 cells were pretreated with 10 µM PD98059, 10 µM SB203580, and 10 µM SP600125 for 60 min, and then cultured with 40 µM oridonin for 48 h. The results showed that the stimulatory effect of oridonin was unaffected in the presence of PD98059 or SP600125. In contrast, 10 µM of the p38 inhibitor SB203580 partially inhibited the cell death from 51.3 to 22.4% (Fig. 6A) . On the basis of these results, western blot analysis was carried out. After treatment of SW1990 cells with various concentrations of oridonin (0, 20, 40, 80 µM) for 48 h, the level of phospho-p38 increased with increasing concentrations of oridonin. However, in the presence of 10 µM SB203580, SB203580 almost thoroughly reversed the phosphorylation of p38 (Fig. 6B) , indicating that the activation of p38 was also involved in oridonin-induced SW1990 cell apoptosis.
Activation of p38 kinase in oridonin-treated SW1990 cells
contributes to further activation of p53 and p21. Previously, it has been reported that p38 kinase can phosphorylate N-terminal serine residues of p53, thereby triggering the proapoptotic transactivating function of p53, which in turn leads to apoptosis (15) . According to this research, western blot analysis was performed to examine the effects of SB203580 on the level of phospho-p53 and p21. As shown in Fig. 6B , when SW1990 cells were treated with various concentrations of oridonin (0, 20, 40, 80 µM) for 48 h, the enhanced phosphop53 expression at 80 µM of ordonin was significantly reduced by 10 µM SB203580. Concomittantly, p21, the downstream protein of p53, diplayed a similar trend. These observations indicated that oridonin-induced SW1990 cell apoptosis did not require ERK and JNK activation; however, it was dependent on p38-MAPK activity, which contributed to further activation of p53 and its downstream protein p21.
Involvement of the caspase pathway in the oridonin-induced SW1990 cell apoptosis.
It is well known that caspases are required for apoptosis. However, whether the caspase pathway was initiated by p38 MAPK was unclear. We further examined the protein expression of caspase-9, caspase-3 and the effects of SB203580 on the expression of caspase-9 and -3. The expression of caspase-9 and caspase-3 in SW1990 cells following the treatment with various concentrations of oridonin (0, 20, 40, 80 µM) in the absence or presence of SB203580 for 48 h was examined by western blot analysis. The results showed that the expression of caspase-9 and -3 was significantly increased in a dose-dependent manner. However, in the presence of 10 µM SB203580, the levels were unexpectedly decreased (Fig. 6C) , indicating that oridonin induced SW1990 apoptosis by p38 MAPK, which was dependent on the caspase pathway.
mRNA expression of p38, p53, p21, caspase-9 and -3 in SW1990 cells. To further clarify whether the possible mechanism was related to p38, p53, p21 caspase-9 and caspase-3 genes, RT-PCR was carried out to detect the mRNA expression in the SW1990 pancreatic cancer cell line. After SW1990 cells were exposed to various concentrations of oridonin (0, 20, 40, 80 µM) for 48 h, the expression of p38, p53, p21, caspase-9 and caspase-3 mRNA all increased in a dose-dependent manner. However, in the presence of 10 µM SB203580, their mRNA expression was similarly reduced (Fig. 7) as well as the protein expression. The results further confirmed our above conclusion.
Discussion
The aim of the present study was to determine whether oridonin has potential in the treatment of pancreatic cancer, one of the most lethal cancers. In the SW1990 pancreatic cancer cell line, we found that oridonin was able to induce cell death in a dosedependent manner, and this in vitro effect was through cell cycle arrest in the G0/G1 phase and induction of apoptosis. More importantly, we found that p38, not ERK or JNK, was activated, and the expression levels of p53, p21 and caspase-9 and -3 were upregulated, which were reduced in the presence of SB203580 in oridonin-induced SW1990 cell apoptosis. The activation of p38 MAPK was involved in the induction of apoptosis in SW1990 pancreatic cancer cells and this may be one of the mechanisms. These results provide strong evidence to support the notion that oridonin has strong activity against pancreatic cancer. To the best of our knowledge, this is the first in vitro study concerning the chemotherapeutic effects of oridonin against SW1990 pancreatic cancer cells.
The p53 pathway is targeted for inactivation in most human cancers either directly or indirectly, highlighting its critical function as a tumor-suppressor gene (16) . The p53 tumor suppressor is essential for maintaining genomic stability in mammals. p53 function is usually switched off; although when cells are subjected to stress signals such as hypoxia, radiation, or chemotherapeutic drugs, p53 is activated, and its ubiquitindependent degradation is blocked leading to an accumulation of active p53 transcription factor (17) . Upon activation, p53 mediates a growth-suppressive effect on cells by blocking the cell cycle or it can lead cells to undergo programmed cell death primarily by binding to particular DNA sequences and activating transcription of specific genes (18) . In addition, the tumor suppressor p53 is implicated in induction of growth arrest. Following DNA damage, p53 increases the transcription of p21, which plays a pivotal role in controlling cell-cycle progression by binding directly to CDK/cyclin complexes (19) . The expression of cyclin-dependent kinase inhibitor p21 has been implicated in chemotherapy-induced cell cycle arrest in numerous human cancers (20, 21) . In our study, we confirmed that oridonin is capable of activating p53 and p21 in pancreatic cancer cells. CCK-8, flow cytometric analysis and western blot analysis assay showed that the activation of p53 was accompanied by the upregulation of p21, which was able to arrest the cell cycle in the G0/G1 phase, thus transmitting apoptotic signals in oridonin-treated SW1990 cells, as verified by the evidence that the ratio of cell death was effectively suppressed by PFT α. This is in agreement with previous findings that the p53 inhibitor pifithrin was able to significantly reduce oridonin-induced apoptosis in HepG2 cells (7) .
Mitogen-activated protein kinases (MAPKs) are serine/ threonine kinases that mediate intracellular signaling associated with a variety of cellular activities including cell proliferation, differentiation, survival, death and transformation (22, 23) . The three main members that integrate the MAPK family in mammalian cells are stress-activated protein kinase c-Jun NH2-terminal kinase (JNK), stress-activated protein kinase 2 (SAPK2, p38), and the extracellular signal-regulated protein kinases (ERK1/2, p44/p42). The p38 signaling pathways are activated by proinflammatory (TNF-α, IL-6 or IL-1) or anti-inflammatory (EGF, TGF-β) cytokines, but also in response to cellular stresses such as genotoxic, osmotic, hypoxic or oxidative stress (24) . Activation of p38 kinase has also been implicated in anticancer drug-induced apoptosis (25) . Of note, in our study, pretreatment of SB203580 was effective in preventing oridonin-induced apoptosis, indicating that p38 was involved in this process. This is consistent with previous studies that the p38-MAPK pathway was involved in cell cycle regulation and/or apoptosis (26) .
MAPKs have been shown to be responsive to different stress stimuli. Upon activation, p38 phosphorylates and regulates various transcription factors (including ATF-2, NF-κB, Elk-1, Max, Mac, p53 or Stat1) (27, 28) and other cell cycle and apoptotic mediators (e.g., p21, Cdc25A, Bcl-2) (29), but, of particular note, it has been demonstrated to phosphorylate the tumor suppressor p53, which can initiate the p53 response, leading to cell cycle arrest and apoptosis (30, 31) . Previous studies have documented that activation of the p38-MAPK pathway may lead to p53-induced apoptosis (32) . In the present study, we found that in response to oridonin treatment increased expression of p-p38 was accompanied by the upregulation of p-p53 and p21, suggesting that the activation of p38 further contributed to the activation of p53 and p21. This was further verified by the evidence that high levels of phospho-p53 and p21 were effectively inhibited by SB203580. This is consistent with a previous study which found that a p38 inhibitor was able to partially inhibit cell death and the activation of p53 in oridonin-treated HepG2 cells (7) .
Caspases are a family of cysteine proteases, which play key roles in promoting the degradative changes associated with apoptosis and are divided into two classes based on the lengths of their N-terminal prodomains, including upstream caspases such as caspase-8 and -10 and downstream caspases such as caspase-3, -6 and -9 (33). In general, caspase activation is believed to be involved in apoptosis. In the present study, western blot analysis and RT-PCR showed that caspase-9 and active-caspase-3 expression was significantly upregulated in oridonin-treated SW1990 cells. However, the high levels of caspase-9 and -3 were also correspondingly suppressed by SB203580. These results indicated that p38 was responsible for causing the activation of caspase-9 and -3, which executed the oridonin-induced SW1990 apoptosis.
Collectively, the present study suggests that the MAPKp38 pathway was selectively activated in SW1990 pancreatic cancer cells following treatment with oridonin, and the induction of apoptosis was dependent on p53 and caspase activation. However, certain molecular links remain to be clarified, such as whether p53 is linked to caspase, and how p38 signaling acts on the caspase pathway. The specific mechanisms involved require further study. Based on these results, further clinical studies are necessary to confirm our findings in patients with pancreatic cancer.
